Relative properties of solar wind protons and α particles are often used as indicators of a source region on the solar surface, and analysis of their evolution along the solar wind path tests our understanding of physics of multicomponent magnetized plasma. The paper deals with the comprehensive analysis of the difference between proton and α particle bulk velocities at 1 au with a special emphasis on interplanetary coronal mass ejections (ICMEs). A comparison of about 20 years of Wind observations at 1 au with Helios measurements closer to the Sun (0.3-0.7 au) generally confirms the present knowledge that (1) the differential speed between both species increases with the proton speed; (2) the differential speed is lower than the local Alfvén speed; (3) α particles are faster than protons near the Sun, and this difference decreases with the increasing distance. However, we found a much larger portion of observations with protons faster than α particles in Wind than in Helios data and attributed this effect to a preferential acceleration of the protons in the solar wind. A distinct population characterized by a very small differential velocity and nearly equal proton and α particle temperatures that is frequently observed around the maximum of solar activity was attributed to ICMEs. Since this population does not exhibit any evolution with increasing collisional age, we suggest that, by contrast to the solar wind from other sources, ICMEs are born in an equilibrium state and gradually lose this equilibrium due to interactions with the ambient solar wind.
Introduction
Alpha particles play an important role in the dynamics/ thermodynamics of the solar wind because they represent ≈15% of the total solar wind mass density (Bame et al. 1977; Ebert et al. 2009 ). They are often used for a determination of the origin of solar wind structures, like the streamers extending into the heliospheric current sheet(e.g., Borrini et al. 1981; Kasper et al. 2008 ). Close to the Sun, α particles have a higher bulk speed and temperature than protons due to the preferential acceleration and heating of minor ions caused by wave-particle interactions(e.g., Marsch et al. 1982; Tu et al. 2003) . It leads to a presence of the field-aligned relative drift between proton and alpha solar wind components and this drift is one of the nonequilibrium features of the ion distribution function of these ion species that can provide the driving energy for turbulence(e.g., Feldman et al. 1997) .
Between 0.3 and 1 au, the average difference of the flow speed between protons and α particles decreases with a solar wind travel time, but it stays comparable to or lower than the local Alfvén speed (Marsch et al. 1982; Neugebauer et al. 1996) with an average value of 30 km s −1 at 1 au. As a possible explanation, Gary et al. (2000) suggested that wave-particle interaction driven by α-proton instabilities reduces large values of differential streaming down to or even below the local Alfvén speed. These instabilities can heat α particles in the direction perpendicular to the interplanetary magnetic field (IMF) more than protons (Cranmer et al. 2008) . Kasper et al. (2008) confirmed that the differential streaming is aligned with the IMF and is efficiently decreased by Coulomb collisions. They found an increasing trend of the perpendicular α particle heating with decreasing values of differential streaming and interpreted it as an evidence for local absorption of dissipated outwardpropagating kinetic Alfvén waves. Steinberg et al. (1996) found that the magnitude of the α particles-proton differential speed is proportional to the solar wind speed, but they noted that the correlation is small at 1 au. Nevertheless, the value depends on a particular wind parcel; it is very small for the slow solar wind (<400 km s −1 ) and it undergoes a negligible evolution along the path from 0.3 to 1 au. On the other hand, in the fast solar wind (>500 km s −1 ), it can be as large as 150 km s −1 at 0.3 au and rapidly decreases to ≈40 km s −1 near the Earth's orbit as demonstrated by Marsch et al. (1982) based on Helios data. Nevertheless, smaller speed differences between protons and α particles were seen by Ulysses beyond 1 au (Neugebauer et al. 1996; Reisenfeld et al. 2001) , and the analysis suggested that they can be generated locally at shocks and stream interaction regions.
Previous studies reported a correlation of the differential speed with the ratio of the Coulomb collisional time to expansion time (Neugebauer 1976; Marsch et al. 1982) . Simple estimates of the number of Coulomb collisions experienced by the interplanetary plasma to the point of observations, the socalled collisional age, A c are based on local plasma properties at a given measuring point and can be employed in the study of nonthermal features of the solar wind. A c is defined as the ratio of the transit time of the solar wind (from the solar surface to the actual observation) to the mean time between Coulomb collisions. From this, it follows that the young wind (  A 1 c ) is collisionless, on the other hand, when  A 1 c , the wind is collisionally old, and Coulomb relaxation would reduce nonequilibrium features (Kasper et al. 2008; Chhiber et al. 2016) .
When the ratio of the collision time to expansion time (a measure of the local collision rate) is less than about 10, Coulomb collisions limit the α-proton differential speed (Neugebauer et al. 1994) . Such conditions occur in the transient solar wind during interplanetary coronal mass ejections (ICMEs) that are manifestations of magnetized plasma structures ejected from the Sun. ICMEs are generally described as flux ropes that remain magnetically connected to the Sun, while they propagate in the solar wind(e.g., Burlaga 1988) . They can be identified by several characteristic features that include the abnormally low proton temperature relative to the typical solar wind (Gosling et al. 1973; Elliott et al. 2005) , counterstreaming suprathermal electrons and energetic ions (Gosling et al. 1987; Richardson & Cane 2010) , and enhanced relative helium content (Borrini et al. 1982) . Within ICMEs, the differential streaming is reduced by strong Coulomb collisions (Liu et al. 2006) and although the differential speed between both species is low, their temperatures are not equal. Moreover, Liu et al. (2006) pointed out that a temperature ratio of α particles and protons reaches values around4 6 within ICMEs and it does not vary with a radial distance from the Sun.
The present statistical study makes use of long-term Wind observations of solar wind protons and α particles. The main differences between this and previous studies are the present study uses (1) all valuable data that cover nearly last two solar cycles, and (2) the full time resolution of the SWE experiment (Ogilvie et al. 1995) . The latter point is especially important because our study concentrates on variations of the difference between proton and α particle velocities, and Berger et al. (2011) have shown that Alfvén waves of a large amplitude can even change the sign of this differential velocity. Therefore, the averaging could provide misleading results.
We start with a comparison of Helios and Wind observations made during a minimum of the solar activity in order to estimate the effects of the solar wind expansion. A consecutive comparison of solar minima and maxima revealed a population with a very small differential α-proton velocity that was attributed to ICMEs(e.g., Liu et al. 2006 ) and thus the core of the study deals with this population.
Data Set and Data Processing
The data analysis is based on measurements of solar wind proton and alpha parameters from the Solar Wind Experiment (SWE) with an approximately 92s resolution (Ogilvie et al. 1995) and magnetic field measurements from the Magnetic Field Investigation (MFI) experiment (Lepping et al. 1995) averaged to the same resolution as the plasma data. Both instruments are on the WIND spacecraft at 1 au. The statistical study covers a time period from 1995 January to 2016 December and the data tagged with quality flags lower than 10 have been removed. The selected 21-year interval includes two solar minima around 1996 and 2007 and two solar maxima around 2001 and 2013. During this time period, the Wind spacecraft was orbiting through the Earth's magnetosphere and finally, it reached the L1 point in 2004. Therefore, we introduced acondition for the Wind position with respect to the bow shock (in the GSE coordinate system)
to select only the data measured in the unperturbed solar wind. Note that the paraboloid (1) roughly corresponds to that in the Jelínek et al. (2012) bow shock model. The total number of data points for further processing was »3 10 6 . Throughout the paper, an analyzed quantity is the difference between velocities of the proton and α particles. Many previous papers (e.g., Asbridge et al. 1976; Neugebauer et al. 1994; Reisenfeld et al. 2001; Kasper et al. 2008 ) on solar wind properties used magnitudes of the proton and α particle velocities and/or their differences. However, directions of proton and α particle velocities can be (and usually they are) different (Steinberg et al. 1996; Berger et al. 2011 
where B is the IMF magnitude, m 0 is the permeability of vacuum, and
are the proton and α particle densities and masses, respectively. Note that we use bold symbols for the vectors, whereas unbold symbols mark the vector magnitudes.
In order to distinguish between the cases where protons are faster than α particles and vice versa, and to simplify the text, we will use the notation º --
As we summarized in the previous section, the differential velocity evolves over the course of the solar wind expansion into the interplanetary space due to Coulomb collisions. A number of collisions depends on the propagation time, plasma density, and temperature that evolve along the solar wind path.
To account for the effect of collisions, we computed collisional age, A c using the approximation suggested by Marsch et al. (1982) .
Distribution of the Alpha-proton Differential Speed
As already noted, the solar wind flow is often divided into distinct categories according to the bulk speed of the ambient plasma. First, the steady fast wind (>500 km s Kepko et al. 2016) . Note that values of this velocity division slightly vary in different papers. In accordance with Marsch et al. (1982) , we divided our set into three subsets, low (
), and high (
) solar wind proton speeds. We included all reliable data without any selection, thus our set contains IP shocks, ICMEs, and CIRs. In latter stages of the data processing, we separated only ICMEs as a fourth solar wind category.
The probability distributions of a v p were analyzed by Marsch et al. (1982) using Helios data with the time resolution ranging from ≈40 s to several minutes at distances of 0.3-0.7 au. A period that the authors investigated (first months of 1976) falls into the solar minimum and they found that the occurrence rate distribution of a v p has two peaks with a separation at small differential speeds. For the slow wind, the heights of peaks are roughly similar; however, the α particles are nearly always faster than protons for the higher speeds. Figure 1 compares two solar minima included in our data set (blue lines) with the Marsch et al. (1982) results that are depicted in red. Each particular panel of this figure shows the probability of observations of a given differential speed (in percent of v A ). Note that positive values of the normalized differential speeds means that α particles are faster than protons, whereas the negative values correspond to protons overtaking α particles. Let us comment on the top panel in Figure 1 first (the minimum that was taken from 1995 June 1 to 1997 June 1). A comparison of blue and red histograms reveals the following.
1. The distributions in all bins of the solar wind speed exhibit a two-peak structure in the Helios data. The large differences between Helios and Wind observations of the α-proton differential streaming shown in Figure 1 can have two causes: (1) the measurements cover different solar minima and (2) Helios data were taken at 0.3-0.7 au, whereas the Wind data are from 1 au. To resolve these two possible causes, we used Wind data from the consecutive solar minimum (from 2007 January 1 to 2009 January 1) and plotted the comparison with the Helios observations in the bottom panel of Figure 1 . Note that the Helios data are identical in both top and bottom parts of Figure 1 . A qualitative (and even quantitative) similarity of both parts strongly supports the interpretation of these differences as a result of the solar wind evolution along its path from the Sun to L1, despite the fact that the Wind data set is much larger than the Helios one. Figure 2 , with the same format as Figure 1 , compares the Wind data collected during solar minima (blue) and the solar maxima (magenta). The histograms corresponding to the solar minima are a sum of both histograms in Figure 1 and the To answer the question of which observations account for this local maximum, we selected distinct time intervals of the Wind data, meeting the following constrains.
The length of a time interval is greater than 30minutes
and its distance to the other intervals is at least 3 hr. Figure 3(a) presents an occurrence rate of these intervals during the solar cycle. We note that it is well correlated with the sunspot number (red in Figure 3(a) ). The correlation of low a v p events with the sunspot number suggests that these events can be associated with ICMEs. Since fast ICMEs (only events with > v 500 p km s −1 are considered in Figure 3 (a)) often drive interplanetary (IP) shocks, we have identified the nearest (in time) shock in the list from the Heliospheric Shock Database generated and maintained at the University of Helsinki 3 and checked the time separation of the event, Dt from this shock. The distribution of positive Dt that is shown in Figure 3(b) as the orange curve peaks at D » -t 15 20 hr. This time delay corresponds to a typical thickness of the sheath between the ICME and the shock (»0.1 au,Russell & Mulligan 2002; Lynnyk et al. 2011 ). On the other hand, distributions of negative Dt (black curve) exhibit no peak because the situation in which a quickly expanding ICME drives a reverse shock is not too frequent.
We assume that Figure 3 can be considered to be indirect evidence that very low α-proton differential speeds in the fast solar wind are found within ICMEs (Liu et al. 2006) . To check this hypothesis, we have used the ICME list of Richardson and Cane, updated in 2017 4 and hereafter called the RC list, and removed the corresponding time intervals from our database. Figure 4 compares the differential speed distribution in the reduced data set (blue lines) and the distribution for the events within the database (black lines). Whereas the distribution of the events with a small a v p nearly disappeared in the reduced data set. This suggests that small a v p can be used as a simple indicator of the ICME plasma in the fast solar wind.
However, the right panel in Figure 4 shows a small number of observations of Figure 5 . This time interval (≈8-12 UT bounded by the vertical dotted lines) is not listed in theRC database but a behavior of plasma parameters suggests its ICME origin. In Figure 5 , one can see typical ICME signatures, including (in addition to » a v 0 p , fifth panel) the enhanced portion of the helium (second and third panels), the low proton temperature (3 eV, sixth panel), and the presence of counterstreaming electrons (eight panel; e.g., Lynnyk et al. 2011) . We think that the reason why this interval was not included in the RC list can be the proton temperature that is low but not extremely low.
Our analysis of the Wind data shows that ICMEs at 1 au are characterized by . This ratio is typically either ≈1.2 or 4 (Kasper et al. 2008; Maruca et al. 2013) in the solar wind, but Figure 6 indicates that » a T T 1.5 p is characteristic for the ICME plasma at 1 au in the slow and intermediate wind; the temperature ratio peaks at about 2 in the fast wind. By contrast, the reduced set of observations (without ICMEs from the RC list) exhibits the two-peak structure. The first peak at = a T T 1.5 p is dominant in the slow wind but a secondary population with » a T T 4 p is apparent. The figure also shows that a proportion between these two populations changes in favor of hotter α particles with the increasing solar wind speed (in agreement with Kasper et al. 2008) .
Figures 4 and 6 show that from the point of view of the differential speed and the ratio of α particle and proton temperatures, the ICME plasma is in approximate thermodynamic equilibrium but the question is whether this equilibrium was set during an ICME creation at the solar surface or it evolves from a typical state with faster and hotter α particles and, by a chance, the ICME plasma reaches this state just at 1 au. The best way to distinguish between these two possibilities would be a comparison with a similar analysis of measurements made closer to the Sun. Unfortunately, no measurements with a sufficient time resolution and representative statistics are available. However, the differential velocity as well as the temperature ratio evolve due to Coulomb collisions between particles and thus we computed the collisional age, A c for our samples. To demonstrate how the differential velocity develops in a standard solar wind, Figure 7 presents a 2D histogram (occurrence rate in A c versus a v p bins) for three intervals of solar wind speeds. Note that we use the log scale for A c as well as for the probability that is given by the color scale because both the quantities vary by four orders of magnitude. All three panels in Figure 7 show basically the same feature-larger A c results in lower a v p that is in agreements with previous studies(e.g., Kasper et al. 2008; Bourouaine et al. 2011) . Figure 8 is in the same format as Figure 7 but presents only measurements within ICMEs. Although a general trend of the decrease of a v p with increasing A c is also seen in all three panels in Figure 8 , this trend is very weak. A comparison of Figures 7 and 8 reveals a different character of the a v p evolution in the ICME plasma and in the standard solar wind because the probability of observations peaks at a  v 0 p for all solar wind speeds and all collisional ages in the ICME subset. This suggests that the equilibrium conditions, which can be expected at the solar surface, are conserved along the ICME path through the solar corona because the strong magnetic field probably does not allow for the preferential heating that is expected to be a source of the temperature and velocity excess of α particles.
Summary and Discussion
Our study has three tightly connected parts, thus we discuss the results of these parts separately in the following paragraphs. (Figure 1) 1. Through solar minima, the a v p distribution exhibits two peaks-one for < (α particles faster than protons). This structure is very distinct for the fast wind but still noticeable in the slow wind (Figure 1) . (From top to bottom: the proton density; the helium density; the relative helium abundance; the proton and alpha speeds; the magnitude of the alpha-proton differential speed in percentage of the local Alfvén speed; the proton temperature; the IMF magnitude and IMF components; and the 58 eV electron pitch-angle distribution). T T p computed for a whole data set (blue), and for ICME events from theRC list (black). in Helios observations is more or less well understood in terms of a preferential heating/acceleration of heavier ions in the solar corona (Marsch et al. 1982; Czechowski et al. 1998; Maruca et al. 2013) . The further expansion of the solar wind toward the Wind location at 1 au would lead to a decrease of the differential velocity due to Coulomb collisions (Neugebauer et al. 1994) and it is really observed (point 4 above). However, this decrease does not lead to an increase in the number of observations with » . It probably suggests that a mechanism leading to a preferential heating of protons (Maneva et al. 2015) is in action during the solar wind expansion. The most probable scenario is that the energy connected with the α particles overtaking protons leads to the excitation of waves that slows down α particles but accelerates the protons. (Figure 2) 1. The basic features commented on above for solar minima are the same during the maxima of the solar activity. Point (1) can be easily understood because the solar wind generation mechanism does not depend on a phase of the solar cycle, only a proportion between fast and slow streams observed in the ecliptic plane changes. Also, small a v p within the ICME plasma was already noted (Borrini et al. 1982; Liu et al. 2006 ) and attributed to the small Coulomb collision time due to a typically low proton temperature, which means that the ICME plasma is actually old when reaching 1 au.
Comparison of Helios and Wind Observations

Comparison of Solar Minima and Maxima
ICME Analysis
The properties of an ICME plasma that are shown in , which remains in the full data set after the removal of ICME events from the RC list, probably also exhibits ICME characteristics as the example in Figure 5 demonstrates. 3. A ratio of α and proton temperatures is close to unity regardless of the ICME speed ( Figure 6 ). 4. a v p within ICMEs does not exhibit any clear dependence on the collisional age, A c and/or the ICME speed (Figure 8 ) that is evident in the standard solar wind (Figure 7 ).
The last point suggests that a v p did not undergo a significant evolution along the ICME path from the Sun to 1 au. ICMEs are born during explosive events near the solar surface. The dense plasma there would be close to the equilibrium state with the same temperatures of all ion species. This plasma is closed in the magnetic bottle when passing the solar corona and thus it has only a very weak interaction with the surrounding medium. This weak interaction as well as the effects connected with an expansion can lead to a small violation of the equilibrium state that can be seen in Figure 8 for the smallest collisional ages but the collisions quickly restore the equilibrium state.
Our suggestion on a principal role of the magnetic field in a small or negligible evolution of a v p inside of ICMEs is further supported by Figures 9 and 10 . Figure 9 compares all ICMEs with those classified as magnetic clouds (MC) in the list 5 and Figure 10 is an analog of Figure 8 , but only MCs are considered. The main feature of MCs is that their magnetic structure is stable enough to be resolved at 1 au(e.g., Klein & Burlaga 1982; Burlaga 1988) . Thus, one would expect a weaker interaction of the MC with the ambient plasma during the path to 1 au than that for the rest of ICMEs. Indeed, the distributions of a v p are narrower in all three speed bins. This effect is most pronounced in the fast wind where the distribution width is probably comparable with the noise in the data. Broader distributions for the slow and intermediate winds suggest that, beside the collisional age, the ICME speed is an important parameter controlling its evolution.
Conclusion
Our analysis of the Wind solar wind observations over the course of the years of 1994-2016 generally confirms the previous findings, but there are two new results.
1. The evolution of the alpha-proton differential velocity during a solar wind expansion leads to increasing numbers of observations of protons moving faster than α particles. We suggest that the alpha-proton differential speed serves as a source of the energy that excites waves slowing α particles down but accelerating the protons. The particular mechanisms will be a subject of further study. 2. The differential velocity inside of ICMEs is very close to zero regardless of the collisional age and this effect is even more pronounced for those exhibiting the MC structure. We suggest that this effect is connected with Figure 9 . Probability distributions of the alpha-proton differential speed, a v p computed for ICME events (black) and for MCs (orange). the different acceleration mechanisms of the ICME and solar wind plasmas. The ICME plasma is caught into a magnetic "bottle" near the solar surface where the α particles and protons are in thermal equilibrium and the whole plasma volume is then shot through the solar corona into interplanetary space. This process is fast and thus the original thermal equilibrium is conserved in spite of the expansion. This suggestion is further supported by the fact that the alpha to proton temperature ratio within ICMEs is about 1.2 in the slow and intermediate ICMEs and close to 2 when the ICME speed exceeds 600 km s −1 . On the other hand, although the probability distribution of a v p peaks at zero regardless of the solar wind speed, it is much broader in the slow ICMEs. This suggests that the interaction with the ambient solar wind leads to a gradual violation of the thermal equilibrium.
